The ATP-dependent chromatin-remodeling enzyme brahma-related gene 1 (BRG1) regulates transcription of specific target genes during embryonic and postnatal development. Deletion of Brg1 from embryonic blood vessels results in yolk sac vascular remodeling defects. We now report that misregulation of the canonical Wnt signaling pathway underlies many Brg1 mutant vascular phenotypes. Brg1 deletion resulted in down-regulation of several Wnt receptors of the frizzled family, degradation of the intracellular Wnt signaling molecule β-catenin, and an overall decrease in Wnt signaling in endothelial cells. Pharmacological stabilization of β-catenin significantly rescued Brg1 mutant vessel morphology and transcription of Wnt target genes. Our data demonstrate that BRG1 impacts the canonical Wnt pathway at two different levels in vascular endothelium: through transcriptional regulation of both Wnt receptor genes and Wnt target genes. These findings establish an epigenetic mechanism for the modulation of Wnt signaling during embryonic vascular development.
The ATP-dependent chromatin-remodeling enzyme brahma-related gene 1 (BRG1) regulates transcription of specific target genes during embryonic and postnatal development. Deletion of Brg1 from embryonic blood vessels results in yolk sac vascular remodeling defects. We now report that misregulation of the canonical Wnt signaling pathway underlies many Brg1 mutant vascular phenotypes. Brg1 deletion resulted in down-regulation of several Wnt receptors of the frizzled family, degradation of the intracellular Wnt signaling molecule β-catenin, and an overall decrease in Wnt signaling in endothelial cells. Pharmacological stabilization of β-catenin significantly rescued Brg1 mutant vessel morphology and transcription of Wnt target genes. Our data demonstrate that BRG1 impacts the canonical Wnt pathway at two different levels in vascular endothelium: through transcriptional regulation of both Wnt receptor genes and Wnt target genes. These findings establish an epigenetic mechanism for the modulation of Wnt signaling during embryonic vascular development.
SWItch/Sucrose NonFermentable | angiogenesis | lithium chloride | frizzled receptor E ukaryotes fit a large quantity of DNA into the nuclei of their cells by packaging it into a compact structure called chromatin. This packaging presents a barrier to transcription factors that must access DNA to bring about changes in gene expression. ATP-dependent chromatin-remodeling complexes alleviate this problem by temporarily unraveling and reorganizing chromatin, thereby making DNA more accessible to proteins that are required for transcription (1, 2) . Once considered to be ubiquitous mediators of transcription, chromatin-remodeling complexes are increasingly recognized for their specialized functions and specific genomic targets during development (3, 4) . Much of this specificity has been shown to stem from variations in the subunit composition of these large, multiprotein complexes (5) (6) (7) (8) .
One family of ATP-dependent chromatin-remodeling complexes, the mammalian SWI/SNF (SWItch/Sucrose NonFermentable)-like complexes, promotes or represses transcription of genes by increasing or decreasing accessibility of DNA to large transcriptional machinery at specific loci (9, 10) . Mammalian SWI/SNF complexes contain one of two central ATPase catalytic subunits: brahma (BRM) or brahma-related gene 1 (BRG1). Global deletion of Brg1 in mice leads to embryonic lethality at peri-implantation (11) . Tissue-specific conditional mutations have elucidated numerous developmental roles for BRG1, including zygotic genome activation, erythropoiesis, T-cell, cardiac, and neuronal development (8, (12) (13) (14) (15) . Deletion of Brg1 in developing endothelial cells results in defective yolk sac angiogenesis, although the mechanism by which BRG1 affects vascular development is unclear (16, 17) .
The canonical Wnt/wingless signaling pathway is one of several signaling pathways known to contribute to embryonic vascular development (18) (19) (20) . Canonical Wnt signaling occurs when soluble Wnt ligands interact with a cell-surface receptor complex consisting of the lipoprotein receptor-related 5/6 (Lrp5/6) proteins and the seven-transmembrane domain frizzled (Fzd) family proteins (21) . This ligand-receptor interaction stabilizes the intracellularsignaling molecule β-catenin by inactivating a cytoplasmic destruction complex that would otherwise target β-catenin for degradation. Stabilized β-catenin translocates to the nucleus where it coregulates transcription of Wnt target genes by interacting with transcription factors in the lymphoid enhancer (LEF)/T-cell factor (TCF) family. These target genes mediate multiple effects that are critical for vascular development such as proliferation, differentiation, and morphogenesis (21) .
Wnt signaling occurs in numerous embryonic and yolk sac vessels during midgestation (22) , and mutations in various Wnt signaling components result in vascular abnormalities reminiscent of those seen in embryos deleted for endothelial Brg1. Global deletion of Fzd5 causes lethality at embryonic day 10.75 (E10.75) due to defective yolk sac and placental angiogenesis (23) . In addition, mice that are conditionally deleted of vascular β-catenin die in utero with defective vascular patterning and increased vascular fragility at E11.5-13.5 (24) . Recently, a conditional gain-of-function mutation in β-catenin has been shown to result in aberrant vascular remodeling and arteriovenous specification as early as E9.5, demonstrating that early vascular development is equally sensitive to over-or underexpression of β-catenin (22) . Although these phenotypes indicate the importance of Wnt signaling during embryonic vascular development, little is known about how the pathway is regulated in developing vessels. We now describe a unique epigenetic mechanism for modulation of Wnt signaling during early vascular development. This study demonstrates that BRG1 impacts Wnt signaling at two levels in endothelial cells: in addition to coregulating transcription of certain Wnt target genes, BRG1 stabilizes β-catenin by directly mediating expression of multiple frizzled receptors.
Results

Endothelial Deletion of Brg1 Results in Flattening and Thinning of
Yolk Sac Blood Vessels. To determine the role of the SWI/SNF chromatin-remodeling enzyme BRG1 in vascular development, we previously deleted a floxed Brg1 allele from embryonic endothelial and hematopoietic cells using a Tie2-Cre transgene (16) . These Brg1 mutant (Brg1 fl/fl ;Tie2-Cre +/0 ) embryos die at E10.5-11 with severe anemia due to failed transcription of embryonic β-globins and subsequent apoptosis of embryonic erythrocytes. In addition, Brg1 mutants display yolk sac-specific angiogenesis defects manifesting in vascular patterning abnormalities by E9.5. Subsequent analysis of Brg1-deleted yolk sac vessels revealed exaggerated abnormalities at E10.5 preceding embryonic lethality (Fig. 1) . At this time, Brg1 mutant yolk sac vessels were uniformly thin, and many vessels failed to interconnect, resulting in a tapering, dead-end vasculature (Fig.  1D ). Comparable vascular thinning and disconnectedness were not observed in the mutant embryonic head or intersomitic vessels (Fig. S1A) , highlighting the specificity of these Brg1 mutant vascular phenotypes for the extraembryonic yolk sac.
In addition to the thinning of yolk sac microvasculature, Brg1 mutants underwent thinning of vitelline vessels-the major vessels connecting the embryo to the yolk sac. Vitelline vessel diameters were measured at the first branch point as the vessels entered the yolk sac, and significant thinning was observed in Brg1 mutants starting at E9.5 (Fig. S1B) . Pan-endothelial markers were expressed at comparable levels in primary endothelial cells isolated from E10.5 control and mutant yolk sacs (Fig. S1C) . Likewise, proliferation rates and apoptosis were comparable in control and Brg1 mutant yolk sac endothelium (Fig. S1 D and E) . However, Brg1 mutant yolk sac vessels were deflated by E9.5 when assessed histologically, whereas control yolk sac vessels had inflated luminal spaces with numerous circulating embryonic blood cells ( Fig. 1 E and F) . The flattening of Brg1 mutant yolk sac vessels was further verified by transmission electron microscopy. By E10.5, mutant blood vessels were tightly wrapped around circulating embryonic blood cells ( Fig. 1 H and J) , whereas control vessels maintained an abundant luminal space ( Fig. 1 G and I) . Importantly, discontinuities were observed in the endothelial cell lining of mutant yolk sac vessels (Fig. 1J, arrow) . These discontinuities were too small for blood cells to hemorrhage from mutant vessels but were large enough for plasma leakage to occur. Such plasma leakage could account for the vascular flattening and microvascular thinning observed in Brg1 mutant yolk sac vessels ( Fig. 1 F and D) . Likewise, plasma leakage from yolk sac vessels may explain the hyper-inflated and distended yolk sac cavities that were consistently associated with mutant embryos (Fig. 1B) .
Wnt Signaling Is Down-Regulated in Brg1 Mutant Yolk Sac Endothelium. The Brg1 mutant phenotypes of vitelline vessel thinning, endothelial cell discontinuity, and plasma leakage are similar to phenotypes observed in embryos with deletion of vascular β-catenin, a key component of the canonical Wnt signaling pathway (24) . Likewise, the yolk sac-specific vascular abnormalities in Brg1 mutants are reminiscent of yolk sac-specific vascular phenotypes observed in mutants for the Wnt receptor Fzd5 (23). To investigate the possibility that Brg1 mutant yolk sac vascular phenotypes result from a down-regulation of Wnt signaling in the absence of BRG1, we crossed a Wnt signaling reporter mouse with our Brg1 mutants. The β-catenin-activated transgene driving expression of the nuclear β-galactosidase reporter (BAT-gal) has been successfully used to visualize Wnt signaling in developing embryonic and postnatal vasculature (22, 25, 26) . We found that endogenous Wnt signaling is evident at low levels in control yolk sac endothelium at E10.5 ( Fig. 2A ) but is undetectable in Brg1 mutant yolk sac endothelium (Fig. 2B) , providing strong evidence that Brg1 depletion results in decreased Wnt signaling in vivo.
To further investigate the status of downstream Wnt signaling in Brg1 mutant yolk sac endothelium, we designed a custom realtime quantitative PCR (qPCR) array containing 28 direct Wnt target genes. We found 70% of these genes down-regulated in primary Brg1 mutant endothelial cells isolated from E10.5 yolk sacs (Fig. 2C) . To support these array data, we selected five of these down-regulated Wnt target genes for validation by qPCR. Transcript levels of the Wnt targets Axin2, T, CyclinD1, Wisp1, and Myc were significantly reduced in mutant yolk sac endothelial cells (Fig. 2D ). This decrease in Wnt target gene expression corresponds well with the loss of Wnt signaling observed using the BAT-gal reporter transgene and suggests that BRG1 influences Wnt signaling in the yolk sac during vascular development.
BRG1 Depletion Results in a Decrease in β-Catenin Protein Levels in
Endothelial Cells. Given the phenotypic similarities between our vascular Brg1 mutants and the previously described vascular β-catenin mutants (24), we sought to determine whether β-catenin expression was altered upon loss of BRG1. We used Brg1-specific siRNA oligos to knock down BRG1 expression in the C166 murine yolk sac endothelial cell line (27) . Immunoblots revealed a significant reduction in β-catenin protein levels following BRG1 knockdown ( Fig. 2E and Fig. S2B ). Furthermore, immunofluorescent staining of control and BRG1-depleted C166 endothelial cells and of primary endothelial cells isolated from control and mutant yolk sacs demonstrated a modest decrease in β-catenin protein ( Fig. S2 A and C) .
In addition to its role in nuclear Wnt signaling, β-catenin also plays an important role in stabilization of adherens junctionsmultiprotein complexes that mediate homotypic endothelial cell adhesion and control endothelial cell permeability (28) . Because we had observed discontinuities in Brg1 mutant yolk sac endothelial cells by electron microscopy (Fig. 1J) , we investigated the expression of adherens junction proteins. We observed diminished β-catenin expression at cell junctions in BRG1-depleted C166 endothelial cells (Fig. S2A) . However, we did not detect any changes in α-catenin, desmoplakin, or VE-cadherin (Fig. S2B) , indicating that adherens junctions are not grossly disrupted upon BRG1 depletion.
Because β-catenin protein levels were reduced with BRG1 depletion, we investigated whether β-catenin is a direct transcriptional target of BRG1. We measured β-catenin transcript levels in BRG1-depleted C166 endothelial cells and in Brg1 mutant primary yolk sac endothelial cells, but we detected no down-regulation of β-catenin transcription ( Fig. 2F and Fig.  S2D ). These results indicate that β-catenin is not a direct transcriptional target of BRG1 and suggest that the decreased β-catenin levels observed in the absence of BRG1 are due to protein degradation.
Pharmacological Rescue of β-Catenin Degradation Significantly
Improves Brg1 Mutant Yolk Sac Vessel Morphology. In the absence of Wnt signaling, cytoplasmic β-catenin is phosphorylated by glycogen synthase kinase-3β (GSK-3β) and targeted for degradation via the ubiquitin-proteasome pathway (21) . Lithium chloride (LiCl) is a known inhibitor of GSK-3β, and because it prevents β-catenin degradation, LiCl has been used extensively to promote Wnt signaling in vitro, including in cultured endothelial cells (29, 30) . Administration of LiCl to pregnant mice rescues embryos with cardiac defects due to mutation of Wnt2 (31). We attempted a similar in vivo rescue of Brg1 mutant yolk sac vasculature to determine the degree to which β-catenin degradation contributes to vascular abnormalities.
Following 2 d of injection with LiCl, we dissected and immunostained extraembryonic yolk sacs at E10.5 to assess the morphology and patterning of mutant blood vessels. We observed significant rescue of vessel morphology in Brg1 mutant yolk sacs that had been exposed to LiCl (Fig. 3 D, H , and I and Fig. S3D ). LiCl-treated Brg1 mutant microvasculature was thicker and more interconnected than microvasculature from mutants treated with NaCl as a negative control (compare B and D in Fig. 3 ). Likewise, Brg1 mutant vitelline vessel diameters were partially rescued by LiCl treatment (Fig. 3 H and I ). Mutant vitelline vessel diameters were 16% of control diameters with NaCl treatment and improved to 55% of control diameters with LiCl treatment (Fig. 3I) . Furthermore, mutant yolk sacs displayed a modest rescue of vascular flattening following LiCl treatment, as assessed by histology and light microscopy ( Fig. S3D) .
Importantly, LiCl treatment did not rescue the severe anemia that we previously described in Brg1 mutants (16) . Brg1 mutant embryos and yolk sacs treated with LiCl or NaCl displayed a comparable pallor by gross observation and deficit of embryonic blood cells ( Fig. S3 E-I ). This finding settles a point of debate as to the impact of blood loss on vascular patterning in Brg1 mutants. Although alterations in blood flow biomechanics may contribute partially to Brg1 vascular phenotypes, our LiClmediated rescue of vessel patterning and morphology clearly indicates that a paucity of blood is not solely responsible for the mutant phenotypes. Altogether, these in vivo experiments provide evidence that deficient levels of β-catenin contribute to Brg1 mutant yolk sac vascular phenotypes.
Pharmacological Rescue of β-Catenin Degradation Restores Transcription of Selected Wnt Target Genes. To determine whether Wnt signaling is rescued in Brg1 mutant yolk sac vasculature upon LiCl treatment, we analyzed embryos carrying the BAT-gal Wnt signaling reporter transgene. LiCl dramatically rescued reporter activity in Brg1 mutant yolk sac endothelial cells (Figs. 3K and Fig.  S4H ), which is consistent with the rescue of vascular morphological abnormalities in Brg1 mutant yolk sacs. Interestingly, LiCl also rescued reporter activity in Brg1 mutant placental endothelial cells, which underwent a striking loss of reporter activity in the absence of treatment ( Fig. S4 I-N) . However, we did not observe either placental abnormalities in Brg1 mutants or gross changes to placental vasculature with LiCl treatment.
We also isolated endothelial cells from control versus mutant yolk sacs for quantitative assessment of Wnt target genes that were down-regulated in untreated Brg1 mutants (Fig. 2D) . Interestingly, of the five Wnt target genes that we assessed, Axin2 and CyclinD1 were rescued to normal transcript levels with LiCl treatment, whereas T, Wisp1, and Myc remained down-regulated (Fig. 3L ). We hypothesized that the genes remaining down-regulated following LiCl treatment might require BRG1 for coregulation of their transcription. In support of this hypothesis, chromatin immunoprecipitation (ChIP) assays indicated that BRG1 associates with the promoter region of Wisp1 and that it is a direct target of BRG1 in endothelial cells ( Endothelial cells from littermate control and mutant yolk sacs were isolated, RNA was purified, and cDNA was synthesized. (C) Samples were processed for qPCR using a custom-designed array containing 28 Wnt target genes (Fig. S5A) . Data from four independent experiments were compiled using SABiosciences Excel-based data analysis. (D) qPCR was carried out for five Wnt target genes (Axin2, T, CyclinD1, Wisp1, and Myc). Errors represent ±SEM from six independent experiments, and significant differences between littermate controls and mutants were calculated using a two-tailed Student's t test (**P < 0.005). (E and F) C166 cells were transfected with nonspecific (NS) or Brg1-specific siRNA for 48 h. (E) Protein samples were subjected to Western blot analysis with antibodies that recognize BRG1, β-catenin, or GAPDH. (F) RNA was isolated, cDNA was synthesized, and qPCR for Brg1 or β-catenin was carried out. Errors represent ±SEM from four independent experiments, and significant differences between NS or Brg1-specific siRNA-transfected cells were calculated using a two-tailed Student's t test (**P < 0.005).
BRG1 similarly coregulates transcription of a subset of Wnt target genes in vascular endothelial cells.
BRG1 Mediates Transcription of Fzd
Receptors. Because we found that β-catenin protein levels, but not transcript levels, were reduced upon depletion of BRG1, and because β-catenin is degraded in the absence of Wnt signaling (21), we decided to investigate the relationship between BRG1 and the Wnt signaling pathway upstream of β-catenin. Using a Wnt pathway qPCR array, we identified several Wnt receptor Fzd family members that were significantly down-regulated when BRG1 was knocked down in C166 yolk sac endothelial cells (Fig. S5B) . We verified these data using qPCR with gene-specific primers and found that the transcript levels of Fzd2, -3, -4, -5, -6, -7, and -8 were significantly reduced upon BRG1 knockdown (Fig. 4A) . Importantly, we performed qPCR on primary yolk sac endothelial cells isolated from control and mutant embryos and confirmed that the transcript levels of Fzd2, -3, -4, -7, and -8 were down-regulated in mutant cells (Fig. S5C ). Fzd5 and Fzd6 were not significantly altered in the mutant primary endothelial cells, although it is possible to attribute this discrepancy to a lack of preparation purity compared with the yolk sac-derived C166 stable endothelial cell line. Nevertheless, we conclude that the significant downregulation of several Fzd receptors upon deletion of Brg1 may contribute to the decrease in Wnt signaling observed in our mutant yolk sac vasculature. Because the transcript levels of several Fzd receptors were reduced with BRG1 deletion, we were interested in determining whether these Fzd genes are direct targets of BRG1. ChIP assays indicate that BRG1 associates with the promoter region of numerous Fzd receptor genes in C166 endothelial cells (Fig. 4B) . We conclude that BRG1 epigenetically modulates vascular Wnt signaling through direct association and subsequent transcriptional activation of the Fzd family of Wnt receptors. Our data demonstrate a unique mechanism by which BRG1 influences the canonical Wnt pathway upstream of β-catenin.
Discussion
Wnt signaling has been gathering prominence in the field of embryonic vascular development for its recently defined roles in ;Tie2-Cre +/0 (B, D, F, H) yolk sacs were whole-mount immunostained with antibodies against PECAM1. (A-D) (Scale bars: 50 μm.) (E-H) (Scale bars: 100 μm.) (I) Mean vitelline vessel (V. V.) diameter measurements from 10 control and 3 mutant yolk sacs treated with NaCl or from 12 control and 4 mutant yolk sacs treated with LiCl. Errors were calculated as ±SEM, and a two-tailed Student's t test was used to detect statistical differences in controls versus mutants or between NaCl-and LiCl-treated mutants (*P < 0.05; **P < 0.005). (J and K) Embryos carrying the BAT-gal Wnt reporter transgene were treated in utero with LiCl for 2 d before dissection at E10.5. X-gal-stained yolk sacs were cryosectioned and counterstained with eosin. Blue arrowheads, reporterpositive endothelium. (Scale bars: 50 μm.) (L) Endothelial cells from LiCltreated littermate control and mutant yolk sacs were isolated, RNA was purified, cDNA was synthesized, and qPCR was carried out for Wnt target genes (Axin2, T, CyclinD1, Wisp1, and Myc). Errors represent ±SEM from six independent experiments, and significant differences between littermate controls and mutants were calculated using a two-tailed Student's t test (**P < 0.005). (M) Chromatin immunoprecipitation assays were carried out using isotype-matched antibodies against BRG1, acetylated histone H3 (AcH3) as a positive control, or a polyhistidine epitope tag (His) as a negative control. DNA was isolated and amplified by qPCR to determine whether BRG1 and AcH3 were associated with the promoter region of Wisp1. Data from four independent experiments were combined and are presented as the percentage (%) of input ±SEM; significant differences were calculated using a two-tailed Student's t test (*P < 0.05). Errors represent SEM, and significant differences between NS or Brg1-specific siRNA-transfected cells were calculated using a two-tailed Student's t test (**P < 0.005). (B) Endogenous chromatin from C166 cells was immunoprecipitated using isotype-matched antibodies against BRG1, acetylated histone H3 (AcH3) as a positive control or a polyhistidine epitope tag (His) as a negative control. DNA was isolated and amplified by qPCR to determine whether BRG1 and AcH3 were associated with the promoter regions of Fzd1, -4, -5, -6, or -8. A region upstream of the Fzd5 promoter was used as a negative control, and the ADAMTS1 promoter acted as a positive control gene region (17) . Data from four independent experiments were combined and are presented as the percentage (%) input ±SEM; significant differences were calculated using a two-tailed Student's t test (*P < 0.05).
blood vessel patterning, specification, and angiogenesis (22, 25, 34, 35) . However, a mechanistic understanding of Wnt signaling regulation in developing vasculature has been elusive. We now present evidence for epigenetic modulation of the Wnt pathway during blood vessel development by the chromatin-remodeling enzyme BRG1. Importantly, we demonstrate that BRG1 impacts the Wnt pathway at two different levels: through transcriptional regulation of multiple Fzd receptors and of Wnt target genes. Moreover, we show that vascular deletion of Brg1 results in aberrant yolk sac angiogenesis, which is partially rescued by stabilization of β-catenin (Fig. 5) . β-Catenin has two cellular roles: nuclear β-catenin is a key transcriptional activator of Wnt target genes, and cell-surface β-catenin helps anchor the transmembrane adhesion protein VEcadherin to the actin cytoskeleton for adherens junction stabilization (36) . We predict that Brg1 mutant yolk sac phenotypes are predominantly influenced by down-regulated β-catenin signaling rather than by junctional defects. We detect a loss of Wnt reporter activity in Brg1 mutant yolk sac endothelium in vivo, suggesting that nuclear β-catenin signaling is compromised in the absence of BRG1. We also demonstrate that a number of Wnt target genes are down-regulated upon Brg1 deletion in primary yolk sac endothelial cells. Taken together, these data indicate that BRG1 modulates nuclear Wnt signaling in yolk sac vasculature. Nevertheless, we do observe a reduction of β-catenin at the cell surface of cultured endothelial cells depleted of BRG1. Although we do not see changes in expression of other adherens junction proteins in these cells, we cannot exclude the possibility that down-regulated junctional β-catenin might contribute to Brg1 mutant yolk sac phenotypes.
β-Catenin was previously shown to recruit BRG1 for coregulation of Wnt target gene transcription in nonvascular cells (32, 33 ). Our studies demonstrate that a subset of Wnt target genes are similarly coregulated by BRG1 in endothelial cells. The Wnt target genes Wisp1, T, and Myc were down-regulated in Brg1 mutant endothelium-even after stabilization of β-catenin with LiCl treatment-implying that both β-catenin and BRG1 are necessary for their transcription. However, BRG1 is not required for coregulation of all Wnt target genes in endothelial cells because LiCl treatment rescued expression of Axin2 and CyclinD1 in Brg1 mutants. Perhaps these and other Wnt targets that do not require BRG1 for transcriptional regulation account for the partial but significant rescue of Brg1 mutant vascular phenotypes following β-catenin stabilization with LiCl.
The yolk sac specificity of the Brg1 mutant phenotypes that we have described is intriguing, given that Wnt signaling occurs concurrently in both embryonic and yolk sac vessels at midgestation (22) and that β-catenin vascular mutants display both embryonic and yolk sac vascular abnormalities (24) . One explanation for this phenotypic specificity may lie in the Fzd genes that are targeted by BRG1. Global deletion of Fzd5 results in yolk sac-specific vascular phenotypes that are highly reminiscent of those seen in Brg1 mutants (23) . We saw Fzd5 down-regulated following BRG1 depletion in endothelial cells, although its expression was not completely eliminated. Because Fzd5 +/− embryos are phenotypically normal (23) , our data indicate that partial down-regulation of Fzd5 is not solely responsible for Brg1 mutant yolk sac phenotypes. However, much functional redundancy is assumed to exist between the 10 mammalian Fzd receptors (21) . We speculate that partial down-regulation of several Fzd receptors in the yolk sac creates a Wnt-signaling environment comparable to complete deletion of Fzd5. Little is known about the regulation of Fzd signaling, but our data provide evidence for the coordinated regulation of multiple Fzd receptors by a single chromatin-remodeling enzyme.
Another explanation for the yolk sac specificity of our Brg1 mutant phenotypes may lie in the functional redundancy between various chromatin-remodeling complexes. We previously assessed embryos deficient for both vascular Brg1 and the alternative SWI/SNF ATPase Brm, but the double mutants show no exacerbation of vascular phenotypes over those seen in the single Brg1 mutants (16) . Therefore, other chromatin-remodeling complexes outside the SWI/SNF family may compensate for loss of Brg1 in embryonic vasculature and in non-Wnt signaling pathways in the yolk sac.
The significant rescue of Brg1 vascular mutant phenotypes by pharmacological stimulation of the Wnt signaling pathway provides convincing evidence that BRG1 epigenetically modifies Wnt signaling during yolk sac vascular development. One outstanding question is whether BRG1 plays a similar role at later developmental time points and during pathological angiogenesis. Wnt signaling regulates angiogenesis in the central nervous system during development of the blood-brain barrier (25, 34, 35) and in the retina during diabetic retinopathy (37) . Induction of Brg1 vascular deletion at later time points and following pathological challenge will be required for a more comprehensive understanding of how BRG1 spatially and temporally influences vascular Wnt signaling under various angiogenic conditions.
Materials and Methods
Mice. Brg1-floxed mice (Brg1 fl/fl ) (14), Tie2-Cre transgenic mice (38) , and qPCR. To analyze transcript levels, total RNA from siRNA-transfected C166 cells or from primary yolk sac endothelial cells was isolated using TRIzol (Invitrogen) according to the manufacturer's instructions. The DNA-free kit (Ambion) was used to digest any contaminating DNA. cDNA was prepared using the MultiScribe Reverse Transcriptase kit (Applied Biosystems), and real-time quantitative PCR was performed using SYBR Green PCR master mix (Applied Biosystems) and the ABI7000 thermocycler (ABI) with genespecific primers.
ChIP. ChIP was performed as described (16), with modifications (SI Materials and Methods).
Yolk Sac Staining. Whole-mount yolk sac immunostaining and X-gal staining for β-galactosidase activity were performed as described (16), with modifications (SI Materials and Methods).
LiCl Injections. LiCl or NaCl (400 mg/kg, dissolved in water) was injected intraperitoneally into pregnant females at E8.5 and E9.5. Embryos were harvested for yolk sac vascular analysis or endothelial cell isolation at E10.5.
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Embryonic Blood Quantification. E10.5 embryos were dissected away from maternal tissue in room temperature PBS, and embryonic heart beats were confirmed. The placenta was removed, umbilical vessels were severed, and the vitelline vein was detached before placing each embryo and yolk sac into 1 mL warm DMEM on a rocking platform for 20 min at room temperature. Embryos and yolk sacs were removed for genotyping, and blood cells were collected by centrifugation (5 min at 800 × g, 4°C). Blood cells were resuspended in 0.07% Trypan blue in PBS, and viable cells were counted on a hemocytometer.
Chromatin Immunoprecipitation. Subconfluent C166 yolk sac endothelial cells were treated with 0.4% formaldehyde to cross-link endogenous protein-protein and protein-DNA interactions. Addition of 0.125 M glycine stopped the cross-linking reaction. Cells were washed, harvested in PBS, and lysed in SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris, pH 8.1) with 1× protease inhibitors (Sigma). The cell lysate was sonicated to shear the chromatin and diluted fivefold in chromatin immunoprecipitation (ChIP) buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris, pH 8.1, 167 mM NaCl) with 1× protease inhibitors (Sigma). Protein A:G Sepharose (Calbiochem) was added to preclear the chromatin for 1 h with rotation at 4°C. A mixture of BRG1-specific (07-478, Millipore; ab4081, Abcam) or AcH3-specific (06-599, Millipore) antibodies was used for immunoprecipitation of protein-DNA complexes. The isotype-matched polyhistidine epitope tag (His) antibody (600-401-382, Rockland) was used for a negative control. Protein A:G Sepharose was added, and immunoprecipitated complexes were washed once with low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris, pH 8.1, 150 mM NaCl), twice with high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris, pH 8.1, 500 mM NaCl), and twice with TE (10 mM Tris, pH 7.4, 1 mM EDTA). Complexes were eluted with elution buffer (1% SDS, 0.1 M NaHCO 3 ), and cross-links were reversed with addition of 0.2 M NaCl and incubation at 65°C for 4 h. Protein was digested with 10 mM EDTA, 40 mM Tris, pH 7.6, and 60 μg/mL Proteinase K (Thermo Scientific) at 45°C for 2 h. DNA was extracted, precipitated, and resuspended. Real-time quantitative PCR using SYBR Green PCR master mix (Applied Biosystems) and the ABI7000 thermocycler (ABI) was performed with gene-specific primers. Data from four independent experiments were combined and presented as the percentage of input ±SEM. Statistical differences were detected using a twotailed Student's t test.
ChIP qPCR Primers. PCR primers flanking the Fzd1 promoter (5′-CGCAGCACTCAAAGTAGCAG-3′ and 5′-GACAGGCTAG-GTCGCTTTTG-3′), Fzd4 promoter (5′-TTTGCTCAAGGTC-ACACAGC-3′ and 5′-ACATCTATGCCCCTTTCACG-3′), Fzd5 promoter (5′-CTTTAAACAAGCGCCAGACC-3′ and 5′-TAGTGGACCGGGAAGTTACG-3′), Fzd6 promoter (5′-TC-TGAAGTGATGGTGGCAGA-3′ and 5′-CGGGGATCTGCT-CTGTAGTG-3′), Fzd8 promoter (5′-CTTGACTGAGGCCA-GAAAGG-3′ and 5′-CAATTCCACAGGGTCTGTCC-3′), the Wisp1 promoter (5′-GGTGGGGAGACAGTGAAGAA-3′ and 5′-GTCCCAGACTCCACAGGGTA-3′), the ADAMTS1 promoter (5′-CACTCTTTTCCCCAGAGCAG-3′ and 5′-CGCCC-CTTTATAGCCACATA-3′), and a region upstream of the Fzd5 promoter (5′-GGTGACTTAGGGCAAAACCA-3′ and 5′-AG-GCCACCATACCAGGTTCT-3′) were used for real-time quantitative PCR.
Wnt Signaling Array. Total RNA from siRNA-transfected C166 cells or from platelet endothelial cell adhesion molecule-1 (PECAM)-isolated yolk sac endothelial cells was isolated using TRIzol (Invitrogen) according to the manufacturer's instructions. The DNA-free kit (Ambion) was used to digest any contaminating DNA, and cDNA was prepared using the RT 2 First Strand kit (SABiosciences). Three independent experiments were performed using Mouse Wnt Signaling Pathway RT 2 Profiler PCR Arrays (SABiosciences), and four independent experiments were performed using Wnt Signaling Target Gene RT 2 Profiler PCR Arrays (custom made by SABiosciences to contain 28 direct Wnt target genes selected from the Wnt home page: http://www.stanford.edu/group/nusselab/cgi-bin/wnt/) according to the manufacturer's instructions. Data analysis and statistical determinations were performed using the web-based PCR array data analysis tool available through the SABiosciences website.
Whole-Mount Yolk Sac and Placental Staining. For whole-mount yolk sac immunostaining, embryos with attached yolk sacs were dissected from maternal tissue, fixed for 15 min in 4% paraformaldehyde, permeabilized for 30 min in 0.02% Triton X-100/ PBS, and blocked overnight (4°C) in 5% donkey sera (Jackson ImmunoResearch)/3% BSA (Rockland)/PBS. Samples were then incubated overnight in 1:100 anti-PECAM1 (557355, BD Pharmingen) diluted in blocking solution. After washing 5 × 1 h in blocking solution, samples were incubated overnight (at 4°C) in 1:250 donkey-anti-rat-Cy3 (712-165-153, Jackson ImmunoResearch). Tissues were washed as above followed by a 20-min wash in PBS and postfixed for 5 min in 4% paraformaldehyde, and yolk sacs were dissected away from their attached embryos and flat-mounted on glass slides for microscopic examination. Embryonic tissue was subsequently digested for genotyping. Whole-mount β-galactosidase staining was performed on embryos attached to their yolk sacs and placentas; tissues were immersed for 48 h in X-gal staining solution at room temperature as described (1) . Stained yolk sacs and placentas were subsequently dissected apart, cryoembedded as described (1), cryosectioned (8 μm), and counterstained with eosin.
Immunohistochemistry. Brg1 mutants and littermate controls were cryoembedded with maternal decidual tissue intact; genotypes were confirmed after cryosectioning (8 μm) by scraping embryonic tissue into DEXPAT solution (TaKaRa) for extraction before PCR. Double immunostaining for phospho-histone H3 and PECAM was performed as follows: cryosections were thawed and blocked in 5% normal goat serum/5% normal donkey serum/ 0.1% Triton X-100/PBS for 2 h at room temperature. Primary antibodies were diluted (1:100) in the blocking solution, and sections were incubated overnight at 4°C. The primary antibodies used were anti-phospho-histone H3 (Millipore, no.06-570) and anti-PECAM (BD Pharmingen, no.553370). Sections were washed three times (3 min each) in 0.1% Triton X-100/PBS. Secondary antibodies were diluted (1:500) in the blocking solution along with 20 μg/mL Hoechst stain, and sections were incubated for 1 h at room temperature. Secondary antibodies used were Cy3-donkey anti-rat IgG for PECAM (Jackson ImmunoResearch, no.712-165-153) and Alexa488-goat anti-rabbit IgG for phospho-histone H3 (Invitrogen, A11034). Sections were washed three times (3 min each) in 0.1% Triton X-100/PBS and coverslipped with 2.5% DABCO/90% glycerol/PBS, pH 8.6. Immunostaining for PECAM in conjunction with TUNEL staining was performed as follows: Cryosections were thawed and incubated in permeabilization buffer (0.1% Triton X-100/0.1% sodium citrate) for 2 min on ice. Sections were washed for 5 min in PBS and incubated in TUNEL label (Roche, no.11684795910) for 1 h at 37°C. Following TUNEL staining, sections were washed three times (5 min each) and incubated in blocking solution (5% normal donkey serum/0.1% Triton X-100/PBS) for 2 h at room temperature. Sections were washed three times (3 min each) in 0.1% Triton X-100/PBS and incubated overnight at 4°C in anti-PECAM antibody diluted 1:100 in blocking solution. The following day, sections were washed three times (3 min each) and incubated in Cy3-donkey anti-rat IgG (Jackson ImmunoResearch, no. 712-165-153) diluted 1:500 in blocking solution along with 20 μg/mL Hoechst stain for 1 h at room temperature. Sections were washed three times (3 min each) and incubated in 0.05% Sudan black/70% ethanol for 10 min at room temperature to quench background fluorescence. Sections were washed three times (5 min each) and coverslipped with 2.5% DABCO/90% glycerol/PBS, pH 8.6.
Immunocytochemistry. For immunocytochemistry, confluent C166 cells grown on 22-× 22-mm glass coverslips or PECAM-isolated primary yolk sac endothelial cells grown on poly-D-lysine-coated 12-mm round glass coverslips (354086, BD Biosciences) were fixed for 5 min in 4% paraformaldehyde (on ice), washed in PBS/1 mM CaCl 2 , and permeabilized with ice-cold methanol for 30 s. Cells were then washed three times (5 min each) with 1% nonfat dried milk/150 mM sodium acetate, pH 7/PBS, followed by three times (5 min each) with 1% nonfat dried milk/PBS. Anti-PAN-β-catenin (610153, BD Biosciences) or anti-active-β-catenin (05-665, Millipore) was diluted in the second wash buffer at a concentration of 1:100. The primary antibody incubations occurred for 1 h at room temperature. Cells were then washed three times (5 min each) with 1% nonfat dried milk/PBS and incubated with 1:500 goat-anti-mouse-Alexa488 (A11001, Invitrogen) and 20 μg/ mL Hoechst for 1 h at room temperature. The coverslips were washed five times with PBS (5 min each) and mounted on glass slides for microscopic examination.
Microscopy and Image Acquisition. Gross embryonic images were obtained with a Nikon SMZ800 stereomicroscope and Nikon DS-Fi1 camera and monitor. Bright-field histological images were obtained with a Nikon Eclipse 80i microscope using a 40× (NA 0.75) objective and a Nikon DS-Fi1 camera. Fluorescent images were obtained with a Nikon Eclipse 80i microscope using 10× (NA 0.3), 20× (NA 0.5), and 40× (NA 0.75) objectives, an X-cite 120Q light source, and a Nikon DS-Qi1Mc camera. NIS-Elements AR3.0 (Nikon) software was used for used for all bright-field and fluorescent image acquisition and assembly. Histological analysis and transmission electron microscopy were performed as described (1). ;Tie2-Cre +/0 embryos demonstrates that mutant blood vessels are patterned normally in the embryo as opposed to the yolk sac (Fig. 1 ). (Scale bars: 100 mm.) (B) Mean vitelline vessel diameter measured from four control and four mutant whole-mount yolk sacs at E9.5 and from seven control and four mutant whole-mount yolk sacs at E10.5 demonstrates significant thinning in Brg1 mutants. Errors were calculated as ±SEM, and a two-tailed Student's t test was used to detect statistical differences in controls versus mutants (*P < 0.05; **P < 0.005). (C) Endothelial cells from control and mutant yolk sacs from untreated or lithium chloride (LiCl)-treated litters were isolated, RNA was purified, cDNA was synthesized, and qPCR was carried out for endothelial cell markers (VEGFR-1, VEGFR-2, and VE-cadherin). Errors represent ±SEM from four independent experiments. (D) Cryosections from control versus Brg1 mutant yolk sacs were coimmunostained for the proliferation Legend continued on following page marker phospho-histone H3 (green) and the endothelial marker PECAM1 (red). Green arrowheads, phospho-histone H3-positive endothelial cells; red arrowheads, phospho-histone H3-positive blood cells; white arrowheads, phospho-histone H3-negative endothelial cells. Five of 51 endothelial cells from two control yolk sacs and 10 of 67 endothelial cells from two mutant yolk sacs stained positively for phospho-histone H3. Nuclei were stained with Hoechst (blue). (Scale bars: 50 μm.) (E) Cryosections from control versus Brg1 mutant yolk sacs were costained for TUNEL (green) and the endothelial cell marker PECAM1 (red). White arrowheads, TUNEL-negative endothelial cells; red arrowheads, TUNEL-positive blood cells. Zero of 96 endothelial cells from two control yolk sacs and one of 98 endothelial cells from two mutant yolk sacs stained positively for TUNEL. Nuclei were stained with Hoechst (blue). (Scale bars: 50 μm.) Fig. S2 . Analysis of adherens junction proteins in Brg1 mutants. (A and B) C166 cells were transfected with nonspecific (NS) or Brg1-specific siRNA for 48 h. (A) Adherent cells were immunostained with an anti-PAN-β-catenin antibody. (Scale bars: 50 μm.) (B) Western blot analysis was performed using antibodies that recognize BRG1, active β-catenin, α-catenin, desmoplakin, VE-cadherin, and GAPDH. Intensity was determined for each protein and normalized to the intensity of GAPDH. Data are presented as the mean ±SEM from two to five independent experiments, and significant differences between NS or Brg1-specific siRNAtransfected cells were determined using a two-tailed Student's t test (*P < 0.05). (C) Endothelial cells from littermate control and mutant yolk sacs were isolated and cultured. Adherent cells were immunostained with an anti-active-β-catenin antibody. (Scale bars: 50 μm.) Average mean intensity was compiled from mean intensity readings for eight control and nine mutant fields. Error bars represent ±SD, and a two-tailed Student's t test was used to detect statistical differences in controls versus mutants (**P < 0.005). (D) Endothelial cells from littermate control and mutant yolk sacs were isolated, RNA was purified and qPCR for Brg1 or β-catenin was performed. Errors represent ±SEM from six independent experiments, and significant differences between littermate controls and mutants were calculated using a two-tailed Student's t test (**P < 0.005). A total of 11 control and 7 mutant uninjected embryos from three separate litters were analyzed; 14 control and 3 mutant LiCl-treated embryos from two separate litters were analyzed. Data are presented as the mean ±SEM, and significant differences between blood counts from control versus mutant embryos were determined using a two-tailed Student's t test (*P < 0.05). Endothelial cells from littermate control and mutant yolk sacs were isolated, RNA was purified, and cDNA was synthesized. Samples were processed for qPCR using a custom-designed array containing 28 Wnt target genes. Data from four independent experiments were compiled using SABiosciences Excel-based data analysis, and fold changes in gene expression are shown. Shaded boxes indicate target genes for which expression changes were further verified by individual qPCR analyses (Fig. 2D). (B) C166 cells were transfected with nonspecific (NS) or Brg1-specific siRNA for 48 h. RNA was isolated, cDNA was synthesized, and samples were processed for qPCR using a commercially available Wnt signaling array. Data from three independent experiments were compiled using SABiosciences Excel-based data analysis. (C) Endothelial cells from littermate control and mutant yolk sacs were isolated, RNA was purified, cDNA was synthesized, and qPCR for Fzd1-8 was performed. Errors represent ±SEM from six independent experiments, and significant differences between littermate controls and mutants were calculated using a two-tailed Student's t test (*P < 0.05; **P < 0.005).
